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The Subcellular Localization of the G-Protein Gia in the Basal Ganglia 
Reveals Its Potential Role in Both Signal Transduction and Vesicle 
Trafficking 
Neil Aroninl and Marian DiFiglia2 
‘Neuroendocrine Laboratory, Departments of Medicine and Physiology, University of Massachusetts Medical School, 
Worcester, Massachusetts 01655 and *Laboratory of Cellular Neurobiology, Department of Neurology, Massachusetts 
General Hospital and Harvard Medical School, Boston, Massachusetts 02114 
The G-protein Gi is known to mediate signal transduction in 
cells by coupling its 41 kDa a-subunit to plasma membrane- 
bound receptors and inhibiting adenylyl cyclase or affecting 
ion channel function. Although this G-protein has been func- 
tionally associated with DJdopamine and A-opioid receptors 
in striatal membranes, its localization to neurons of the neo- 
striatum, a brain region rich in adenylyl cyclase activity, has 
not been established. Light and electron microscopic study 
of the basal ganglia was conducted using the immunope- 
roxidase method and an antiserum directed against the a- 
subunit of Gi. In the neostriatum, immunoreactivity was lo- 
calized to medium-sized spiny and aspiny neurons and axon 
terminals that formed symmetric synapses. Some astrocytes 
and glial processes that encapsulated axospinous com- 
plexes were also labeled. lmmunoreactive axon terminals 
were numerous in the globus pallidus and substantia nigra, 
where they exhibited a dense pattern of distribution char- 
acteristic of neostriatal spiny projection neurons. Gia im- 
munoreactivity was distributed to multiple subcellular com- 
partments. In neostriatal somata and dendrites, labeling was 
present intermittently along plasma membranes, and on rough 
and smooth endoplasmic reticulum and microtubules. In axon 
terminals, reaction product appeared on plasma membranes 
and heavily labeled the membranes of synaptic vesicles. 
The presence of Gia in axon terminals was confirmed in 
purified synaptosome preparations. G-proteins consistent 
with the masses of G,a and G,a, respectively, were ADP- 
ribosylated in the presence of pertussis toxin in striatal syn- 
aptosomes. Western blot analysis in purified synaptosome 
preparations of the neostriatum, globus pallidus, and sub- 
stantia nigra with the same antiserum used in the immunohis- 
tochemistry demonstrated a predominant 41 kDa protein 
corresponding to the molecular mass of Gia. Immunohisto- 
chemical localization of Gia with the immunogold method in 
a crude striatal synaptosome preparation showed gold par- 
ticles associated with synaptic vesicles and plasma mem- 
branes. 
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Results provide the first direct evidence that G,a is local- 
ized to medium-sized neostriatal projection neurons and in- 
terneurons, where it is likely to function in membrane-bound 
signal transduction at the postsynaptic and presynaptic lev- 
el. The presence of Gia in synaptic vesicle membranes points 
to another potentially important role for this G-protein in ves- 
icle trafficking, such as that recently shown for smaller-mo- 
lecular-mass G-proteins. 
Binding of a ligand to its membrane-bound receptor leads to a 
change in the concentration of a second messenger (such as a 
cyclic nucleotide or Caz+), which then initiates other intracel- 
lular processes. A class of GTP-binding proteins, known as G- 
proteins, are heterotrimers (a-, p-, and y-subunits), which couple 
receptors to their effecters (see reviews by Gilman, 1987; Neer 
and Clapham, 1988; Birnbaumer et al., 1990; Brown and Bim- 
baumer, 1990; Simon et al., 1991). Following activation of a 
receptor, the a-subunit of a G-protein binds to an intracellular 
domain of the receptor, replaces GDP for GTP, and dissociates 
from the By-subunits. In its activated GTP-bound state, the (Y- 
subunit of a G-protein (e.g., G,cu) can interact with numerous 
other molecules in the plasma membrane (e.g., adenylyl cyclase) 
to produce amplification of the receptor-mediated signal and a 
variety of subsequent second messenger activities. 
Neurons and neurally derived tissues utilize G-proteins found 
in non-neural organs (G, and G,), but also appear to have de- 
veloped specialized G-proteins that are either unique or partic- 
ularly abundant in the nervous system (G,, G,,, and G,,,). For 
example, in the retina, the G-protein transducin mediates rho- 
dopsin activity in rod cells, and in the olfactory bulb adenylyl 
cyclase activity is mediated in part by G,,, (Jones and Reed, 
1989). The selective distribution of G-protein expression in the 
nervous system therefore appears to be an important component 
of information processing by neurons. 
The G-protein G,cu is localized to brain, where it is hetero- 
geneously distributed (Brann et al., 1987; Largent et al., 1988) 
and occurs in three isoforms, G,cu-1, G,cu-2, and G,(u-3 (Itoh et 
al., 1986; Jones and Reed, 1987; Yatani et al., 1988; Catty et 
al., 1990; Senogles et al., 1990). G,w- 1 is believed to be the most 
prevalent isoform in the brain (Neer and Clapham, 1988). G,cu 
transduces intracellular signals in diverse ways that include a 
direct influence on ion flux through K+ or Ca” channels and 
the coupling of receptor stimulation to changes in the activity 
of membrane-bound enzymes (phospholipases, adenylate cy- 
clase) (Birnbuamer et al., 1990). The best-described function of 
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G,m, and the one for which it was operationally named, is the 
inhibition of adenylyl cyclase activity (Gilman, 1987; Birnbau- 
mer et al., 1990). 
Receptor coupling through G,a may mediate the effects of a 
number of neurotransmitters in the basal ganglia. For example, 
in the neostriatum, dopamine acts to stimulate or inhibit ad- 
enylyl cyclase activity (Kebabian et al., 1972) through D, and 
D, receptors, respectively (see review by Andersen et al., 1990). 
G,cr and another G-protein, G,q have been functionally asso- 
ciated with the D, receptor in bovine striatal membranes (Elazar 
et al., 1989). Both G,ol and G,cu have also been linked to the 
coupling of w-opioid receptors in guinea pig striatal membranes 
(Ueda et al., 1990). In addition, studies of target cells in other 
regions show that neurotransmitters and peptides such as ACh, 
norepinephrine, 5-HT, and somatostatin, which are also present 
in the neostriatum, activate receptor subtypes that are coupled 
to G,a (Birnbaumer et al., 1990). Curiously, G,oc mRNA is no- 
tably lacking in neostriatal neurons (Brann et al., 1987), but has 
been found in dopaminergic cells of the substantia nigra (Vin- 
cent et al., 1990). In order to clarify the neuronal localization 
of G,LY in the basal ganglia, we used a combination of immu- 
nohistochemistry, Western blot analysis, and ADP-ribosylation 
ofG-proteins in synaptosomal preparations to examine the neo- 
striatum, globus pallidus, and substantia nigra. Our results dem- 
onstrate Ihe presence of G,a in neostriata\ c&s and Yn& pro- 
jections and raise the possibility that this G-protein has multiple 
functions in basal ganglia neurons. 
Materials and Methods 
Immunohistochemistty in brain sections. Rats (n = 7, Sprague-Dawley) 
were perfused transcardially under deep anesthesia (sodium pentobar- 
bital, 35 mg/kg). One rat was anesthetized (sodium pentobarbital, 35 
mg/kg) and injected intraventricularly with colchicine (70 fig in 1 ~1) 24 
hr prior to the perfusion. The fixative consisted of 4% paraformaldehyde 
and 0.1% glutaraldehyde in phosphate buffer at pH 7.4. Immunohis- 
tochemistry was performed as previously detailed from this laboratory 
(DiFiglia et al., 1989). Sections 40 pm thick were cut on a Vibratome 
and were serially incubated in 3% normal goat serum, anti-(;,a rabbit 
antiserum (1:800) for 48 hr at 4”C, and biotinylated goat anti-rabbit 
antiserum, followed by avidin-biotin-HRP complex (Vectastain, Vector 
Labs, Burlingame, CA). Detergents were not used to permeabilize mem- 
branes. Diaminobenzidine was used as the chromogen. Sections were 
washed in Tris-saline (TS) between each step. Tissue sections were either 
mounted on slides subbed with gelatin or prepared for electron mi- 
croscopy as previously described (DiFiglia et al., 1989). Ultrathin sec- 
tions were cut and mounted on Formvar-coated slot grids and examined 
in a JEOL- 1 OOCX electron microscope. Counterstaining with lead ac- 
etate was not employed to ensure optimal visualization ofthe peroxidase 
reaction product. Controls consisted of omission of the first antibody 
(anti-G,cY) and preabsorption of G,cu with a fusion protein (generously 
provided by Eva Neer). Immunoreactivity was absent or greatly di- 
minished under these conditions. Although the antiserum recognizes a 
41 kDa protein in, by far, the greatest abundance (see Fig. 6), it does 
not detect G,(Y exclusively; therefore, G,Lu-like immunoreactivity is im- 
plicitly understood if it is not overtly stated. 
Immunohistochemistry in synaptosomes. Crude synaptosome pellets 
were fixed for 15 min in 4% paraformaldehyde in 0.1 M phosphate- 
buffered saline (pH 7.4). Pellets were rinsed with TS, freeze-thawed, and 
treated with 3% normal goat serum in TS for 1 hr. Pellets were rinsed 
in TS and incubated with gentle agitation overnight at 4°C in anti-G,or 
antibody (1:800) containing 2% normal goat serum. After rinsing in TS, 
the pellets were incubated for 2 hr with a goat anti-rabbit IgG (1: 10, 
Janssen Pharmaceuticals, Inc) to which 10 nrn gold particles we;e at- 
tached. Pellets were rinsed in TS. uostfixed in 2% glutaraldehvde fol- 
lowed by 1% osmium tetroxide, dlock stained with-l% uranyl gcetate, 
and embedded in Epon. 
Preparation and validation of pur$ed synaptosomes. Synaptosomes 
were prepared by the method of Hajos (1975) and Krueger et al. (1979). 
Verification of the synaptosomal preparation was performed by electron 
microscopic examination; the predominant neuronal element was an 
axon terminal without a postsynaptic membrane attached. Fewer than 
5% of the elements were myelinated fibers or dendrites. 
ADP-ribosylation of G-proteins by pertussis toxin in purified synap- 
tosomes. Pertussis toxin catalyzes the transfer of an NADP-ribose group 
from nicotinamide adenine dinucleotide (NAD) to the a-subunit of a 
number of G-proteins including G,LY. Pertussis toxin was activated by 
incubation in 50 mM Tris, pH 7.4, 5 mM MgCl,, 50 mM dithiothreitol, 
for 10 min at 37”C, and then added (18 fig/ml) to the synaptosome 
preparation in buffer containing 25 mM HEPES, 1 mg/&l GSA, 2.5 
mM M&l,. 0.3 mM EDTA. 10 mM thvmidine. 1 mM ATP. 0.1 mM 
GTP, 5;MJ2P-NAD, and 560 PM NAD?‘. The Xbosylation was carried 
out over 30 min at 30°C and terminated by the addition of EDTA and 
NAD. The tissues were centrifuged in the cold, washed in Tris buffer, 
heated at 95°C for 3 min. and submitted to SDS-uolvacrvlamide el 
electrophoresis. The gel contained 8% acrylamide:bisa&yla&ide (29:-i), 
and samples were run for 6 hr at 150 V constant. 14C-labeled protein 
markers (Amersham) were included in each electrophoresis. Kodak XAR- 
5 film was used for the autoradiography. Omission of pertussis toxin 
eliminated the radiolabeling of proteins. 
Western blot analysis. Purified synaptosome preparations from the 
neostriatum, globus pallidus, and substantia nigra, or whole cell extracts 
from these same regions, were applied to 8% SDS-polyacrylamide gel 
electrophoresis. The separated proteins were transferred to Immobilon- 
P using a semidry blotting method (Milliblot-SDE, Millipore, Bedford, 
MA). Immunoblotting was done as previously described from this lab- 
oratory (Aronin et al., 1991). 14C protein molecular mass markers 
(Amersham) were used for size estimation. The anti-G,a antiserum was 
generated against G,a- 1 (generously provided by Dr. Eva Neer) and was 
used at a 1:800 dilation. This antiserum is not known to distinguish 
among the three isoforms of G,a (Eva Neer, personal communication). 
Results 
Immunohistochemistry: light microscopy 
Immunoreactive G,cu was localized to cell bodies in the neo- 
striatum (Fig. la,b) and to axon terminals in all three basal 
ganglia regions (Fig. la-c, respectively). Immunoreactive so- 
mata were medium sized, and the majority of them exhibited 
only a light staining. Fewer but more intensely labeled cells of 
medium size were also seen; large striatal neurons were not 
immunoreactive. In the animal treated with colchicine, more 
of the lightly labeled medium-sized cells were revealed, and they 
often appeared in clusters throughout the caudate-putamen (re- 
sults not shown). Reaction product in somata was confined to 
the cytoplasm, where it had an uneven, patchy appearance at 
the light microscopic level (Fig. 1a.b). Primary dendrites were 
occasionally labeled (Fig. 1 a). 
In the neostriatum, immunoreactive axon terminals were 
moderately distributed dorsally and increased significantly in 
density in the ventromedial regions, especially at the level of 
the anterior commissure and within the boundaries of the nu- 
cleus accumbens. Compared to the neostriatum, the globus pal- 
lidus and substantia nigra had a more dense labeling of axon 
terminals, which ensheathed the unlabeled cell bodies and den- 
drites of pallidal (Fig. lc) and nigral (Fig. Id) neurons. 
Immunohistochemistry: electron microscopy 
Neostriatum. At the ultrastructural level, the sparse, more in- 
tensely labeled medium-sized cells had an indented nucleus (Fig. 
2u), a characteristic of the aspiny neuron (DiFiglia et al., 1980; 
Dimova et al., 1980); the more abundant, moderately immu- 
noreactive neurons had an unindented nucleus (Fig. 2b), which 
identified them as medium spiny cells. Reaction product in both 
cell types was preferentially distributed to the rough and smooth 
endoplasmic reticulum, to free ribosomes and polyribosomes, 
as well as to cytoskeletal components in the cytoplasm. Im- 
munoreactivity was easily detected in large-diameter (proximal) 
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Figure 1. Immunoreactive G,CY in the basal ganglia. a, Two medium-sized immunoreactive neurons in the neostriatum exhibit reaction product 
in the cytoplasm and none in the nucleus (n). The neuron at upper left also has some immunoreactivity in a primary dendrite (arrowhead). This 
section was treated with osmium tetroxide, rendering the fiber bundles cfb) black. b, A moderate labeling of immunoreactive axon terminals (small 
arrows) is seen in the neostriatum. A labeled medium-sized neuron (n over the unlabeled nucleus) exhibits a patch of reaction product in the 
cytoplasm at the large urrow. Asterisks mark some of the unlabeled cells. c, Phase-contrast photomicrograph of immunoreactive axon terminals in 
the globus pallidus. Note the unlabeled pallidal neuron (asterisk), which is surrounded by labeled terminals (arrows). The primary dendrite (d) is 
also contacted by numerous terminals (example at arrow). The crossed arrow points to the cross section of an unlabeled dendrite that is surrounded 
by immunoreactive terminals. d, Phase-contrast photomicrograph of immunoreactive Gicu axon terminals in the substantia nigra. Note the unlabeled 
dendrite (d) that has been longitudinally sectioned and is surrounded by immunoreactive terminals (arrows). The rings of immunoreactivity (crossed 
arrows) represent cross-sectioned unlabeled dendrites that are surrounded by G,a-positive terminals. Scale bars: u and b, 30 pm; c and d, 10 pm. 
dendrites (Fig. 2c), which had many synaptic contacts on their 
surface (Fig. 2~). This pattern of connectivity is a feature char- 
acteristic of medium aspiny neurons (DiFigha et al., 1980). 
Dendrites with spines were occasionally found to be immuno- 
reactive. Reaction product in dendrites was located intermit- 
tently along plasma membranes, and also appeared on micro- 
tubules, transport vesicles, and cistemae; it was generally absent 
from the inner mitochondrial membrane and cristae. G,cr-pos- 
itive axon terminals in the neostriatum varied in size (Figs. 2~2, 
34 (range, 0.5-1.5 pm), and all formed symmetric synapses 
mostly with dendritic shafts. Dendritic spines in contact with 
immunoreactive Gicu terminals were also usually postsynaptic 
to unlabeled terminals that made asymmetric synapses (Fig. 34. 
The somata and processes of some astroglia also contained 
immunoreactive G,cu (Fig. 3b-d). Similar to neurons, reaction 
product in astrocytes was attached to rough endoplasmic retic- 
ulum (Fig. 3b), ribosomes, and cytoskeletal components, and 
was absent from mitochondria (Fig. 3d). Reaction product was 
heavily deposited on the membranes of some small glial pro- 
cesses (Fig. 3~). Gicy-immunoreactive glial processes invested 
some areas of striatal neuropil and abutted unlabeled spines 
(Fig. 3c) and axospinous complexes (Fig. 34. 
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Figure 2. Ultrastructural localization of immunoreactive G,a in the rat neostriatum. u, Immunoreactive medium-sized somata with indented 
(arrowheads) nucleus (NW), and abundant organelles, which are characteristics of the medium aspiny neuron. Reaction product appears only in 
the cytoplasm. b, A medium-sized neuron with unindented nucleus (Nut) and few organelles, which are features of medium spiny cells. Compared 
to the aspiny neuron shown in a, the cytoplasm exhibits less immunoreactivity. Most of the reaction product is localized to ribosomes (not visible 
at this magnification) and the rough endoplasmic reticulum (arrows). c, Gio-positive dendrite (Den) in the neostriatum is postsynaptic at small 
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Figure 3. Ultrastructural localization of immunoreactive G,a in the neostriatum. a, Two small G,a-positive terminals form symmetric synapses 
at arrows with a dendrite (Den) and a spine (s). The unlabeled terminal (LX) also makes an asymmetric contact with the spine. b, Immunoreactive 
astroglia with emerging process (curved arrow) shows some reaction product deposited on rough endoplasmic reticulum (straight arrow). c, A G,a- 
immunoreactive process, probably of glial origin, exhibits heavy deposits of reaction product on the plasma membrane (smaN arrows). The labeled 
process borders a dendritic spine (s), which receives an asymmetric contact at the large urrow from an unlabeled axon terminal (ax). d, Immunoreactive 
glia partly envelops (arrowheads) an axon terminal (ax) and dendritic spine (s), which form an asymmetric synapse. Scale bars: a, c, and d, 0.5 pm; 
b, 1 pm. 
urrows to three unlabeled axon terminals that form symmetric synapses. Reaction product is deposited heavily on microtubules (crossed arrow). 
d, Immunoreactive axon terminal (ax) exhibits a dense accumulation of reaction product over synaptic vesicles and forms a symmetric synapse at 
the large arrow with a dendrite (Den). More immunoreactivity in the terminal is seen at the presynaptic site. Patches of immunoreactivity (small 
arrows) are also visible along the plasma membrane. Scale bars: a and b, 2 pm; c and d, 0.5 pm. 
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Figure 4. Ultrastructural localization of immunoreactive Gicu in the rat globus pallidus. a, G,a-positive axon terminals surround an unlabeled 
pallidal dendrite (Den), which is cut in cross section. Two of the terminals are making symmetric synapses (arrows). b, Longitudinal section through 
a pallidal dendrite (Den), which is ensheathed by G,a-positive and unlabeled axon terminals. Labeled terminals contain a loose. mixture of round 
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Figure 5. Immunogold labeling of G,a in neostriatal synaptosomes. a and b show examples from a crude synaptosome pellet that was incubated 
with anti-G,a and then a gold-labeled second antibody. Ten nanometer gold particles are attached to vesicle membranes ( mall arrows) and to 
plasma membranes (crossed arrows). The postsynaptic membrane (at large arrows) is still attached in these examples but was not usually found. 
Control synaptosome pellets treated with no G,cr antibody followed by a gold labeled-second antibody were devoid of gold particles. Scale bar, 0.5 
pm for a and b. 
Globus pallidus. Immunoreactive terminals were abundant 
and consisted of a single population that contained round and 
ovoid vesicles (Fig. 4). These terminals formed symmetric syn- 
apses with cell bodies and small- and large-diameter dendrites 
(Fig. 4a,b). The high density and morphology of the Gia-positive 
terminals in the globus pallidus clearly identified them as be- 
longing to neostriatal neurons (see review by DiFiglia and Ra- 
fols, 1988). Immunoreactive axon terminals in the substantia 
nigra were morphologically identical to those in the globus pal- 
lidus (data not shown), suggesting that they too originated from 
the neostriatum. 
Axon terminals and synaptosomes. In all three regions ex- 
amined, Gicv immunoreactivity in axon terminals was localized 
irregularly along the plasma membrane (Figs. 2d, 4c,d) and was 
very heavily disposed in synaptic vesicle membranes (Figs. 2d, 
4u-d). The inner mitochondrial membranes and cristae were 
devoid of reaction product (Fig. 4a), as was the axoplasm (Fig. 
4c,d). The heaviest accumulation of reaction product, particu- 
larly in neostriatal terminals, was seen in vesicles at presynaptic 
locations (Figs. 2a, 3~). In some boutons, only a subpopulation 
of synaptic vesicles was immunoreactive, suggesting that not all 
vesicle membranes contained G,cw (Fig. 4c,d). The heterogeneous 
labeling of synaptic vesicles was not related to the depth of 
penetration of the antibody, based on examination of individual 
boutons in serial sections (Fig. 4c,d). Immunogold labeling of 
a crude striatal synaptosome preparation showed gold particles 
distributed on both synaptic vesicle membranes and plasma 
membranes (Fig. 5a,b). 
Biochemical characterization of G,a 
ADP-ribosylation by pertussis toxin in purified synaptosomal 
extracts of the neostriatum labeled a broad band of proteins in 
the range of 394 1 kDa, corresponding to GOa and G,cu, respec- 
tively (Fig. 6~). To confirm the specificity of the antiserum, its 
reactivity was tested by Western blot analysis against a fusion 
protein containing G,LY- 1 (gift of Dr. E. Neer) (Fig. 6b). A major 
band consistent with the size ofthe fusion protein was identified. 
Western blot analysis of synaptosomal preparations made from 
the neostriatum, globus pallidus, and substantia nigra, using the 
same concentration of antiserum employed in the immunohis- 
tochemistry, revealed a predominant protein at 41 kDa (Fig. 
6~). Proteins of other molecular weights were detected only in 
trace amounts. No distinct bands were observed in the range of 
20-25 kDa, corresponding to small GTP-binding proteins, or 
at 43 kDa, corresponding to Gow or at 45 and 52 kDa, corre- 
sponding to G,. The same pattern was revealed in whole extracts 
of the neostriatum, globus pallidus, and substantia nigra (data 
not shown). 
Discussion 
G,cr and other G-proteins coexist in neurons of the basal ganglia. 
Data obtained from Northern blot analysis and in situ hybrid- 
ization (Brann et al., 1987) have shown little or no detectable 
levels of G,a in the caudate-putamen. Nevertheless, two per- 
tussis toxin-sensitive G-proteins with molecular masses cor- 
responding to G,a and G,cu have been functionally associated 
with the D, receptor in bovine striatal membranes (Elazar et 
al., 1989) and with the rc-opioid receptor in guinea pig striatal 
membranes (Ueda et al., 1990). Medium-sized striatal spiny 
and aspiny neurons are known to be postsynaptic to dopami- 
nergic inputs from the substantia nigra (Pickel et al., 198 1; Ku- 
bota et al., 1987; Vuillet et al., 1989) and to the axon collaterals 
of intrinsic enkephalin-containing cells (DiFiglia et al., 1982). 
The demonstration by immunohistochemistry in this study, that 
and pleomorphic vesicles and form symmetric synapses (arrows). c and d, Serial sections through a vesicle-filled bouton that contains immunoreactive 
(arrows) and unlabeled (crossed arrows) synaptic vesicles. Although the section in c is more superficial than in d, there is no difference in the 
proportion of vesicles labeled, suggesting that antibody penetration does not account for the heterogeneity in vesicle labeling. Reaction product is 
also localized at sites intermittently along the plasma membrane (arrowheads). An unlabeled axon terminal (ax) forms a symmetric synapse (open 
arrow) with the unlabeled endrite (Den). Scale bars, 0.5 pm. 
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Figure 6. Pertussis toxin-induced ADP-ribosylation of GTPase and Western blot analysis of G,cu in synaptosomes from the basal ganglia. a, 
Synaptosomes from the neostriatum were incubated with pertussis toxin (+Py) or without pertussis toxin (-Py) in the presence of >*P-NAD. 
ADP-ribosylated proteins were cholate extracted and electrophoresed by 8% SDS-PAGE (see Materials and Methods for details). The arrow shows 
a broad band of ADP-ribosylated proteins in the size range of 39-41 kDa on the autoradiogram, corresponding to the molecular masses of G,cu 
and G,a. b, Western blot analysis of whole neostriatal extract (lane A) and G,a-1 fusion protein (lane B) after 8% SDS-PAGE. The same antiserum 
used for immunohistochemistry was applied to the immunoblot. The double arrow designates the fusion protein, and the single arrow, the major 
protein band at 4 1 kDa, corresponding to the molecular mass of G+ c, Western blot analysis of synaptosomal proteins prepared from the neostriatum 
(N), globus pallidus (GP), and substantia nigra (SM. The proteins were separated by 8% SDS-PAGE; the same concentration of antiserum was 
used as in the immunohistochemistry. The arrow identifies the major 41 kDa band corresponding to the molecular mass of G;(Y. 
G,ol exists in medium-sized neurons, provides additional sup- 
port that this G-protein is involved in coupling postsynaptically 
D, and p-opioid receptor-induced activity in the striatum. G,cr- 
immunoreactive axons were abundant in the globus pallidus 
and substantia nigra, which are the major targets of medium- 
sized spiny projection neurons. The characteristics of G,a-im- 
munoreactive axons in the globus pallidus and substantia nigra, 
including their high density, ensheathment of dendrites, and 
ultrastructural morphology, are the same as those axons known 
to originate from the striatum (DiFiglia and Rafols, 1988). 
In addition to G,LY, other G-proteins are present in the neo- 
striatum. For example, immunoreactive GZ~ has been found in 
numerous neurons of the neostriatum (Hinton et al., 1990), 
where the abundance of immunoreactive cells is likely to include 
spiny neurons. Also, with ADP-ribosylation and Western blot 
analysis, G, and G,,, have been identified in neostriatal synap- 
tosomes, and are reduced by intrastriatal excitotoxic lesions that 
destroy medium-sized spiny neurons (N. Aronin and K. Chase, 
unpublished observations). Finally, G, immunoreactivity has 
been reported in the neostriatum and in the substantia nigra, 
where it is markedly diminished after lesions of the caudate- 
putamen (Worley et al., 1986), suggesting that striatonigral pro- 
jection cells contain G,. Thus, it appears that the principal input 
and projection neuron of the neostriatum, the medium spiny 
cell, contains an assortment of G-proteins including G/G,,, G,, 
G,, and G,, which are positioned to transduce receptor-initiated 
signals and possibly other functions (see below). The combi- 
nation of G-proteins and the neurotransmitters they serve with- 
in individual striatal neurons remains largely unknown at this 
time. 
Multiple sources may contribute to G,a-immunoreactive axolls 
in the neostriatum. Probably a significant proportion of the Gin- 
immunoreactive terminals observed in the neostriatum belong 
to the intrinsic axons of medium-sized spiny and aspiny cells. 
The “symmetric” synaptic contact formed by G,cu-immuno- 
reactive boutons is also made by the axons of spiny and aspiny 
neurons (see review by Gerfen, 1988). However, it should be 
noted that “symmetric’‘-type synapses are also characteristic of 
the axon terminals of dopamine-containing afferents from the 
substantia nigra (Pickel et al., 198 l), and the large aspiny “cho- 
line&” cells in the neostriatum (Phelps et al., 1985; DiFiglia, 
1987). In fact, Gicv mRNA has been found in neurons of the 
substantia nigra pars compacta (Vincent et al., 1990), suggesting 
that at least some of the G,cY-positive terminals in the caudate- 
putamen could arise from the midbrain. We cannot exclude the 
possibility that the cholinergic neuron also contains Gia in its 
axon endings; it may simply express levels of the protein in its 
cell body that are too low to be detected by immunohistochem- 
istry. 
Gia in astrocytes. The presence of immunoreactive G,a in 
some astrocytes indicates that the signal transduction properties 
of this G-protein may not be limited to neurons of the striatum. 
Although the receptors to which Gia may be functionally linked 
in astroglia are unknown, it is noteworthy that one class of 
The Journal of Neuroscience, September 1992, I.?(9) 3443 
G-protein<oupled receptor, the P-adrenergic receptor, has been formation, transport, and exocytosis of secretory vesicles (Boume, 
identified in cultured astroglia from the cortex and cerebellum 1988; Tooze et al., 1990). In a variety of cell types, a class of 
(Trimmer et al., 1984; Voisin et al., 1987) and has been coupled smaller-molecular-weight G-proteins (from 20 to 25 kDa), not 
to Gsa, in a variety of non-neural tissues (Bimbaumer et al., recognized by our antibody, have been associated with vesicle 
1990). membranes, including synaptic vesicles (Mizoguchi et al., 1990; 
DiJ&rent subcellular sites of immunoreactive G,a localization Fischer von Mollard et al., 1991; Trimble et al., 1991) and 
suggest multiple functional roles. Consistent with their role in shown to function in part in directing vesicles to release sites 
receptor-activated signal transduction, biochemical studies have (Bourne, 1988; Balch, 1989; Fischer von Mollard et al., 1990, 
shown that G-proteins, including G>OI in the striatum (Elazar et 199 1; Mizoguchi et al., 1990). 
al., 1989; Ueda et al., 1990), are predominantly associated with There is some evidence for the association of G-proteins of 
plasma membranes (Gilman, 1987; Elazar et al., 1989; Ngsee larger molecular mass with secretory vesicles (Toutant et al., 
et al., 1990; Ueda et al., 1990). The presence of immunoreactive 1987; Rotrosen et al., 1988). For example, in chromaffin cells 
G,n in the membranes of striatal axon terminals as well as den- of the bovine adrenal medulla, several G-proteins including a 
drites points to the potential importance of this G-protein in 4 1 kDa species comparable to G,cu were detected in both plasma 
presynaptic signal transduction in the striatum and its target and granule membranes (Toutant et al., 1987). In the electric 
areas, the globus pallidus and substantia nigra. A noteworthy organ of the marine ray Discopyge ommata, two classes of G- 
feature of G,cu distribution in the plasma membranes of both proteins, differentiated by size, were discovered to be associated 
dendrites and axon terminals was its desultory pattern. A similar with cholinergic synaptic vesicles (Ngsee et al., 1990). One class 
discontinuity has been noted in the localization of G,a in the was in the 3741 kDa size range; the other was smaller, with 
inner plasma membrane of murine Purkinje cells (Hinton et al., several proteins between 20 and 29 kDa. Conceivably, these 
1990). findings combined with our own observations raise the possi- 
The location of immunoreactive G,cu in plasma membranes bility that G,a may serve a critical role(s) at synaptic endings 
was not necessarily correlated with synaptic contacts. Such a directing the transport and fusion of synaptic vesicles to active 
finding may reflect the capacity for transmembrane receptor- zones and possibly other functions, such as neurotransmitter 
mediated signal transduction at nonsynaptic sites. Interestingly, release and vesicle recycling. 
although there are few studies on the immunohistochemical Conclusions. The findings in this study demonstrated that G,cu, 
localization of receptors in the plasma membranes of neurons, a G-protein known to be involved in receptor-induced signal 
the G-protein-linked /3-adrenergic receptor has been localized transduction, is prevalent in neostriatal neurons and in axon 
to nonsynaptic locations along plasma membranes (Aoki et al., terminals within the neostriatum, globus pallidus, and substan- 
1989). tia nigra. There is still relatively little known about the extent 
G,n immunoreactivity in the striatum also exhibited a cyto- to which G,ol is coupled to different receptors in the basal ganglia, 
plasmic distribution, particularly in the endoplasmic reticulum how its action is coordinated with that ofother G-proteins, such 
and in microtubules. A similar cytoplasmic distribution of G,a as G, and G,,, and which ionic channels and second messengers 
immunoreactivity was recently noted in cerebellar Purkinje cells it may regulate. The surprising abundance of G,a in axon ter- 
(Hinton et al., 1990). Although their intracellular functions are minals of the basal ganglia may signify a highly important role 
unclear, there is evidence that under appropriate conditions the for this G-protein in presynaptic signal transduction and in 
a-subunits of G-proteins can separate from the by-subunits at synaptic vesicle trafficking. 
the plasma membrane and enter a cytoplasmic compartment 
(Stemweis, 1986; Haraguchi and Rodbell, 1990). Results of sev- 
eral studies also suggest that various G-proteins may be asso- 
ciated with the cytoskeleton. In the vagus nerve, GTPase activity 
regulates the anterograde movement of muscarinic cholinergic 
receptors by fast axonal transport (Zarbin et al., 1982). In syn- 
aptic membranes of cerebral cortex (Wang et al., 1989), G,cu and 
G,cu-1 bind to tubulin. Also, G-proteins appear to have a role 
in actin polymerization in human neutrophils (Bengtsson et al., 
1990). Whether the G-proteins associated with tubulin and actin 
are functioning at the plasma membrane in conjunction with 
signal transduction or play a separate role in regulating cyto- 
skeletal function remains to be clarified. 
Morphological substrate for G,CU in vesicle trajicking. The lo- 
calization of immunoreactive G>~x by immunoperoxidase label- 
ing was appreciably more abundant in axon terminals than in 
somata and dendrites. Western blot analysis of protein extracts, 
produced from synaptosomes of the three basal ganglia regions 
examined, also showed an abundance of protein corresponding 
to the molecular weight (4 1 kDa) of G,a. Immunogold labeling 
of synaptosomes confirmed that G,a immunoreactivity was as- 
sociated with the membranes of synaptic vesicles. Although the 
presence of G,cu in synaptic vesicle membranes was unexpected, 
this finding is consistent with the results of a number of recent 
studies implicating members of the G-protein family in the 
References 
Andersen PH, Gingrich JA, Bates MD, Darry A, Falaldeau P, Senogles 
SE, Caron MG (1990) Dopamine receptor subtypes: beyond the D,/ 
D, classification. Trends Pharmacol Sci I I:23 l-236. 
Aoki C, Zemcik BA, Strader CD, Pickel VM (1989) Cytoplasmic loop 
of beta-adrenergic receptors: synaptic and intracellular localization 
and relation to catecholaminergic neurons in the nuclei of the solitary 
tracts. Brain Res 493:33 l-347. 
Aronin N, Chase K, Sagar SM, Sharp FR, DiFiglia M (I 99 1) NMDA 
receptor activation in the neostriatum increases c-FOS and FOS re- 
lated antigens selectively in medium sized neurons. Neuroscience 44: 
409-420. 
Balch WE (1989) Biochemistry of interorganelle transport. J Biol Chem 
264:16965-16968. 
Bengtsson T, Samdahl E, Stendahl 0, Andersson T (1990) Involve- 
m&t of GTP-binding proteins in actin polymerization in human 
neutronbils. Proc Nat1 Acad Sci USA 87:292 1-2925. 
Bimbaumer L, Abramowitz J, Brown AM (1990) Receptor*ffector 
coupling by G proteins. Biochim Biophys Acta 103 1: 163-224. 
Boume HR (1988) Do GTPases direct membrane traffic in secretion? 
Cell 53:669-671. 
Brann MR, Collins RM, Spiegel A (1987) Localization of mRNAs 
encoding the a-subunits of signal-transducing G-proteins within rat 
brain and among peripheral tissues. FEBS Lett 222: 191-198. 
Brown AM, Bimbaumer L (1990) Ionic channels and their regulation 
by G protein subunits. Annu Rev Physiol 52: 197-213. 
Carty DJ, Padre11 E, Codina J, Bimbaumer L, Hildebrandt JD, Iyengar 
3444 Aronin and DiFiglia - Subcellular Localization of G,a in Basal Ganglia 
R (1990) Distinct guanine nucleotide binding and release properties 
of the three G, proteins. J Biol Chem 265:6268-6273. 
DiFiglia M (1987) Synaptic organization of cholinergic neurons in the 
monkey neostriatum. J Comp Neural 255:245-258. 
DiFiglia M, Rafols J (1988) Synaptic organization of the globus pal- 
lidus. J Electron Microsc Techniques 10:247-263. 
DiFiglia M, Pasik P, Pasik T (1980) Ultrastructure of Golgi impreg- 
nated and gold-toned spiny and aspiny neurons in the monkey neo- 
striatum. J Neurocytol 9:47 1492. 
DiFiglia M, Aronin N, Martin JB (1982) Light and electron micro- 
scopic localization of immunoreactive leu-enkephalin in the monkey 
basal ganglia. J Neurosci 2:303-320. 
DiFiglia M, Christakos S, Aronin N (I 989) Ultrastructural localization 
of immunoreactive calbindin-D28k in the rat and monkey basal gan- 
glia, including subcellular distribution with colloidal gold labeling. J 
Comp Neurol 279:653-665. 
Dimova R, Vuillet J, Seite R (1980) Study of the rat neostriatum using 
a combined Golgi-electron microscope technique and serial sections. 
Neuroscience 5:1581-1596. 
Elazar A, Siegel G, Fuchs S (I 989) Association of two pertussis toxin- 
sensitive G-proteins with the D,-dopamine receptor from bovine 
striatum. EMBO J 8:2353-2357. 
Fischer von Mallard G, Mignery GA, Baumert M, Perin MS, Hanson 
TJ, Burger PM, Jahn R, Sudhof TC (1990) rab 3 is a small GTP- 
binding protein exclusively localized to synaptic vesicles. Proc Nat1 
Acad Sci USA 87:1988-1992. 
Fischer von Mollard G, Sudhof TC, Jahn R (1991) A small GTP- 
binding protein dissociates from synaptic vesicles during exocytosis. 
Nature 349:79-8 1. 
Gerfen CR (1988) Synaptic organization of the striatum. J Electron 
Microsc Techniques 10:265-28 1. 
Gilman AG (1987) G proteins: transducers of receptor-generated sig- 
nals. Annu Rev Biochem 56:6 15-650. 
Hajos F (1975) An improved method for the preparation of synap- 
tosomal fractions in high purity. Brain Res 93:485489. 
Haraguchi K, Rodbell M (1990) Isoproterenol stimulates shift of G 
proteins from plasma membrane to pinocytotic vesicles in rat adi- 
pocytes: a possible means of signal dissemination. Proc Nat1 Acad 
Sci USA 87:1280-1212. 
Hinton DR, Blanks JC, Fong HKW, Casey PJ, Hildebrandt E, Simons 
MI (1990) Novel localization of a G protein, G;.,, in neurons of 
brain and retina. J Neurosci 10:2763-2770. 
Itoh H, Kozasa T, Nagata S, Nakamura S, Katada T, Ui M, Iwai S, 
Ohtsuka E, Kawasaki H, Suzuki K, Kaziro Y (1986) Molecular 
cloning and sequence determination of cDNAs for (Y subunits of the 
guanine nucleotide-binding proteins Gs, Gi, and Go from rat brain. 
Proc Natl Acad Sci USA 83:3776-3780. 
Jones DT, Reed RR (1987) Molecular cloning of five GTP-binding 
protein cDNA species from rat olfactory neuroepithelium. J Biol 
Chem 262:14241-14249. 
Jones DT, Reed RR (I 989) G,,,: an olfactory neuron specific-G protein 
involved in odorant sianal transduction. Science 244:790-795. 
Kebabian JW, Petzold CC, Greengard P (1972) Dopamine-sensitive 
adenylate cyclase in caudate nucleus of rat brain, and its similarity 
to the “dooamine receotor.” Proc Nat1 Acad Sci USA 69:2 145-2 149. 
Krueger BK: Ratzlaff RW, Stricharz GR, Blaustein MP (1979) Saxi- 
toxin binding to synaptosomes, membranes and solubilized binding 
sites from rat brain. J Membr Biol 50:287-3 10. 
Kubota Y, Inagaki S, Kito S, Wu J-Y (1987) Dopaminergic axons 
directly make synapses with GABAergic neurons in the rat neostri- 
atum. Brain Res 406: 147-I 56. 
Lament BL. Jones DT. Reed RR. Pearson RCA. Snvder SH (I 988) G 
~ p;otein &NA mapped in ra; brain by in situ hybridiza$on. I%oc 
Nat1 Acad Sci USA 85:2864-2868. 
Mizoguchi A, Kim S, Ueda T, Kikuchi A, Yorifuji H, Hirokawa N, 
Takai Y (1990) Localization and subcellular distribution of smg 
p25A, a ras p2 1 -like GTP-binding protein, in rat brain. J Biol Chem 
265:11872-l 1879. 
Neer EJ, Clapham DE (1988) Roles of G protein subunits in trans- 
membrane signalling. Nature 333: 129-l 34. 
Ngsee JK, Miller K, Wendland B, Scheller RH (I 990) Multiple GTP- 
binding proteins from cholinergic synaptic vesicles. J Neurosci IO: 
3 17-322. 
Phelps PE, Houser CR, Vaughn JE (1985) Immunocytochemical lo- 
calization of choline acetyltransferase within the rat neostriatum: a 
correlated light and electron microscopic study of cholinergic neurons 
and synapses. J Comp Neurol 238:286-307. 
Pickel VM, Beckley SC, Joh TH, Reis DJ (1981) Ultrastructural im- 
munocytochemical localization of tyrosine hydroxylase in the neo- 
striatum. Brain Res 225:373-385. 
Rotrosen D, Gallin JI, Spiegel AM, Malech HL (1988) Subcellular 
localization of G,or in human neutrophils. J Biol Chem 263: 10958- 
10964. 
Senogles SE, Spiegel AM, Padre11 E, Iyengar R, Caron MG (1990) 
Specificity of receptor-G protein interactions: discrimination of G, 
subtypes by the D, dopamine receptor in a reconstituted system. J 
Biol Chem 265:45074514. 
Simon MI, Strathman MP, Gautam N (I 99 I) Diversity of G proteins 
in signal transduction. Science 252:802-808. 
Stemweis PC (1986) The purified (Y subunits of G, and G, from bovine 
brain require & for association with phospholipid vesicles. J Biol 
Chem 261:631-637. 
Tooze SA, Weiss U, Huttner WB (1990) Requirement for GTP hy- 
drolysis in the formation of secretory vesicles. Nature 347:207-208. 
Toutant M, Aunis D, Bockaert J, Homburger V, Rouot B (1987) Pres- 
ence of three pertussis toxin substrates and G,a immunoreactivity in 
both plasma and granule membranes of chromaffin cells. FEBS Lett 
2 15:339-344. 
Trimble WS, Linial M, Scheller RH (1991) Cellular and molecular 
biology of the presynaptic nerve terminal. Annu Rev Neurosci 14: 
93-l 22. 
Trimmer PA, Evans T, Smith MM, Harden TK, McCarthy KD (I 984) 
Combination of immunocytochemistry and radioligand receptor as- 
say to identify @-adrenergic receptor subtypes on astroglia in vitro. J 
Neurosci 4: 1598-l 606. 
Ueda H, Misawa H, Katada T, Ui M, Tadagi H, Satoh M (1990) 
Functional reconstitution of purified G, and G, with p-opioid recep- 
tors in guinea pig striatal membranes pretreated with micromolar 
concentrations of N-ethylmaleimide. J Neurochem 54:841-848. 
Vincent SR, Hope BT, Drinnan SL, Reiner PB (1990) G protein mRNA 
expression in immunohistochemically identified dopaminergic and 
noradrenergic neurons in the rat brain. Synapse 6:23-32. 
Voisin PJ, Girault JM, Labouesse J, Viratelle OM (I 987) fl-Adrenergic 
receptors of cerebellar astrocytes in culture: intact cells versus mem- 
brane preparation. Brain Res 404:65-79. 
Vuillet J, Kerkerian L, Kachidian P, Bosler 0, Nieoullon A (1989) 
Ultrastructural correlates of functional relationships between nigral 
dopaminergic or cortical afferent fibers and neuropeptide Y-contain- 
ing neurons in the rat striatum. Neurosci Lett 100:99-104. 
Wang N, Yan K, Rasenick MM (1990) Tubulin binds specifically to 
the signal-transducing proteins, G,a and G,cu 1. J Biol Chem 265: l239- 
1242. 
Worley PF, Baraban JM, Van Dop C, Neer EJ, Snyder SH (I 986) G,, 
a guanine nucleotide-binding protein: immunohistochemical local- 
ization in rat brain resembles distribution of second messenger sys- 
tems. Proc Natl Acad Sci USA 83:4561-4565. 
Yatani A, Mattera R, Codina J, Graf R, Okabe K, Padre11 E, Iyengar 
R, Brown AM, Bimbaumer L (I 988) The G-protein gated atrial 
channel is stimulated by three distinct G,oc-subunits. Nature 336:680- 
682. 
Zarbin MA, Wamsley JK, Kuhar MJ (1982) Axonal transport of mus- 
carinic cholinergic receptors in rat vagus nerve: high and low affinity 
agonist receptors move in opposite directions and differ in nucleotide 
sensitivity. J Neurosci 2:934-94 1. 
